Human arsenic exposure is associated with increased risk of skin cancer, and arsenite greatly enhances ultraviolet (UV)-induced skin tumors in a mouse model of carcinogenesis. Inhibition of DNA repair is one proposed mechanism for the observed cocarcinogenicity. We have previously demonstrated that low concentrations of arsenite inhibit poly(ADP-ribose) polymerase (PARP)-1, thus interfering with DNA repair process triggered by UV radiation. Because overactivation of PARP-1 often leads to apoptotic cell death, and unrepaired DNA lesions promote genomic instability and carcinogenesis, we hypothesized that inhibition of PARP-1 by arsenic may promote the survival of potentially ''initiated carcinogenic cells,'' i.e., cells with unrepaired DNA lesions. In the present study, we tested this hypothesis on UV-challenged HaCat cells. Cells were pretreated with 2mM arsenite for 24 h before UV exposure. Outcome parameters included apoptotic death rate, PARP-1 activation, apoptotic molecules, and retention of DNA lesions. UV exposure induced PARP-1 activation and associated poly(ADP-ribose) production, apoptosis-inducing factor release, cytochrome C release, and caspases activation, which led to apoptotic death in HaCat cells. Pretreatment with 2mM arsenite significantly inhibited UV-induced cell death as well as the associated molecular events. Notably, knockdown of PARP-1 with small interfering RNA completely abolished the antagonism of arsenite. Furthermore, arsenite pretreatment led to long-term retention of UV-induced cyclobutane pyrimidine dimers. Together, these results suggest that low concentration of arsenite reduces UV-induced apoptosis via inhibiting PARP-1, thus promoting the survival of cells with unrepaired DNA lesions, which may be an important mechanism underlying arsenic cocarcinogenic action.
by which relatively high concentrations of arsenic induce carcinogenesis have been proposed, including induction of DNA damage by reactive oxygen species, endocrine disruption, activation of cell signaling pathways leading to alterations in cell cycle kinetics and proliferative response and epigenetic alterations (Durham and Snow, 2006 ; International Agency for Research on Cancer, 2004; Kitchin and Conolly, 2010; Kligerman and Tennant, 2007; Shi et al., 2004; WitkiewiczKucharczyk and Bal, 2006) . In contrast to high concentration of arsenite, relatively low concentration of arsenic is considered a cocarcinogen to potentiate the genotoxicity of other mutagen-carcinogens, including ultraviolet (UV) radiation (Ding et al., 2008 (Ding et al., , 2009 Maier et al., 2002; Rossman et al., 2004) . In mouse models of skin cancer, low concentration of arsenite greatly enhances the incidence and progression of skin malignancies induced by UV radiation Rossman et al., 2001 Rossman et al., , 2004 , and increased lung cancer incidence has been reported in areas with low to moderate concentrations of arsenic (< 100 lg/l) (Heck et al., 2009) . However, mechanisms underlying arsenic cocarcinogenic action are not entirely understood.
Arsenic inhibition of DNA repair is one proposed mechanism of carcinogenicity (Durham and Snow, 2006; Kligerman and Tennant, 2007; Witkiewicz-Kucharczyk and Bal, 2006) . In the process of DNA repair, poly(ADP-ribose) polymerase (PARP)-1 functions as a ''nick sensor'' and directly participates in the repair of strand breaks and oxidative DNA damage. Recent studies by our lab and others have demonstrated that arsenic can readily bind to the DNA-binding zinc finger motifs of PARP-1 to effectively inhibit PARP-1 activation at low concentrations ranging from 0.01 to 2lM, thereby exacerbating DNA damage induced by UV radiation (Ding et al., 2008 (Ding et al., , 2009 Hartwig et al., 2003; Qin et al., 2008b; Zhou et al., 2011) . Similar inhibitory effects of low concentration of arsenic on PARP-1 have also been reported by other groups (Hartwig et al., 2003; Kitchin and Conolly, 2010; Witkiewicz-Kucharczyk and Bal, 2006) . Besides acting as a DNA-repairing enzyme, PARP-1 is also an important modulator of cell death in response to cell injury. Activated PARP-1 transfers ADP-ribosyl moieties from nicotinamide adenine dinucleotide (NAD þ ) to itself and other proteins, and its excessive activation depletes cellular reserves of NAD þ and its precursor adenosine triphosphate (ATP), leading to cell death via energy failure (Hassa, 2009; Rouleau et al., 2010) . The dual role of PARP-1 may result in a procarcinogenesis scenario when the skin is concurrently exposed to the two very common environmental toxins, i.e., UV radiation and arsenite. On one hand, UV radiation results in significant DNA damage and subsequent excessive PARP-1 activation, thus leading to cell death. However, the presence of low concentrations of arsenite could potentially act as an antagonist on UV-induced cell death through inhibiting the overactivation of PARP-1. On the other hand, the inhibition of PARP-1 by arsenite would inevitably result in the retention of unrepaired DNA damage in the injured cells. As a consequence, unrepaired DNA lesions may promote genome instability and mutagenesis, leading to carcinogenesis (Kryston et al., 2011) . In this context, promoting the survival of cells with unrepaired DNA lesions by arsenic may account for an important mechanism underlying its cocarcinogenic action.
In this study, we tested this important possibility using the immortalized human keratinocyte cell line HaCat cells. Our results demonstrated that exposure to low concentrations of arsenite inhibited UV-induced apoptosis, leading to the prolonged survival (2 weeks) of cells harboring cyclobutane pyrimidine dimers (CPDs) DNA damage. Furthermore, our results showed that arsenite-induced prosurvival effect was attributed to its inhibition on PARP-1, leading to subsequent inhibition of the activation of caspase cascades and poly(ADPribose) (PAR) polymer-apoptosis-inducing factor (AIF) pathways. These results may provide a novel mechanism underlying the cocarcinogenic action of arsenic.
MATERIALS AND METHODS
Cell culture and treatments. The human keratinocyte cell line (HaCat) was generously provided by Dr Mitch Denning (Loyola University Medical Center, Maywood, IL). HaCat cells were cultured in Dulbecco's modified Eagle's medium F-12 HAM (DMEM/F12), supplemented with 10% fetal bovine serum (FBS), fourfold final concentration of MEM amino acids, 2mM L-glutamine, and antibiotics (penicillin 100 U/ml and streptomycin 100 lg/ml) (Ding et al., 2009) . The cells were cultured at 37°C in a 95% air/5% CO 2 humidified incubator. Sodium arsenite solution was sterilized by passing through a 0.22-lm syringe filter and diluted with serum-free DMEM/F12 medium. For all experiments involving arsenite incubation, HaCat cells (60-70% confluence) were rinsed with PBS and placed into serum-free DMEM/F12 medium containing 2lM arsenite for 24 h. For UV exposure, the medium was removed and cells were rinsed three times with PBS then covered with a thin layer of PBS (0.5 ml per well of six-well plate) and placed on ice. Cells were exposed to 5 J/cm 2 solar-simulated light using an Oriel 1600 W Watt Solar Ultraviolet Simulator (Oriel Corp., Stratford, CT). This solar simulator produces a high-intensity UV beam in both the UVA (320-400 nm) and UVB (280-320 nm) spectrum. Following UV exposure, the PBS was removed and replaced with cell growth medium, and cells were incubated for indicated times prior to further analysis. Apoptosis assay. Apoptosis was assayed using the TACS Annexin V kit (Trevigen, Gaithersburg, MD) 24 h after UV exposure following the protocol supplied by the vendor. Briefly, cell pellets were washed with cold (4°C) PBS, then gently resuspended in the Annexin V incubation reagent at a density of 10 5 -10 6 cells per 100 ll, and incubated in the dark for 15 min at room temperature. After the incubation, 400 ll of binding buffer from the kit was added to each sample, and then apoptosis were analyzed by flow cytometry.
Detection of cellular NAD þ . Cellular NAD þ was detected using an NAD þ /nicotinamide adenine dinucleotide (NADH) quantification kit (BioVision, Mountain View, CA) using the procedures provided by the vendor. Briefly, 2 3 10 5 cells were washed with cold PBS and pelleted by centrifugation at 2000 3 g for 5 min. After the addition of 400 ll of NAD þ / NADH extraction buffer, cell pellets were subjected to two freeze/thaw cycles (20 min on dry ice, then 10 min at room temperature). The lysed cells were vortexed for 10 s and centrifuged at 14,000 3 g for 5 min, and the resultant supernatants (50 ll) were quantified based on an NAD þ standard curve. The concentration of NAD þ was expressed as ng/mg protein.
Poly(ADP-ribose) glycohydrolase activity assay. Poly(ADP-ribose) glycohydrolase (PARG) activity was measured by Trevigen's HT Colorimetric PARG Assay Kit (Trevigen). The cells were harvested by trypsinization and centrifugation. After washing in cold PBS, the cells were suspended with 5-10 pellet volumes of cold cell extraction buffer. The cell suspension was incubated on ice, with periodic vortexing, for 30 min. Then the suspension was centrifuged at 10,000 3 g for 10 min at 4°C, and the cleared cell lysate was collected for assessing PARG activity following manufacturer's procedure. Briefly, 25 ll of diluted PARP enzyme (0.008 U/ll) was added to each well of histone-coated strip followed by the addition of 25 ll of PARP cocktail. The strip was incubated at room temperature for 60 min. After washing the wells four times with PBS (containing 0.1% Triton X-100), 50 ll of the following agents: The cell lysates or diluted PARG standards, diluted Strep-HRP80, and TACS-Sapphire colorimetric substrate were sequentially added to each well and incubated at room temperature for 60 min, with an exception for the last agent which was incubated for 10 min in the dark. Before the addition of the next agents, wells were washing four times with PBS. The absorbance was measured at 450 nm. The activity of PARG was calculated by the standard curves.
PARP-1 silencing. Small interfering RNA (siRNA) transfection was performed as we described previously (Ding et al., 2009; Qin et al., 2008b) . Briefly, SMARTpool siRNA specific for human PARP-1 (GenBank accession number: NM001618) was obtained from Dharmacon Research, Inc. (Lafayette, CO). SiGLO RISC-free siRNA (Dharmacon) was used as a control siRNA. HaCaT cells were seeded at a density of 2 3 10 5 cells per well in six-well plates the day before transfection in DMEM/F12 containing 10% FBS without antibiotics. Transfection of siRNAs was conducted using DharmaFECT transfection reagent (Dharmacon). DharmaFECT reagent was diluted 1:50 in serum-free DMEM/F12 and incubated at room temperature for 5 min. In parallel, 2lM siRNA in 1 3 siRNA buffer (Dharmacon) was diluted 1:1 in serum-free DMEM/F12. The two mixtures were combined and incubated for 20 min at room temperature prior to adding to cells. The final siRNA concentration was 100nM. After 24 h, the medium was replaced with complete growth medium. After an additional 48 h, cells were treated with arsenite and/or UV exposure, as indicated in the figure legends. Specific silencing was confirmed by Western blot analysis.
Preparation of cell extracts and Western blot analysis. Nuclear and cytosolic extracts were prepared using the TransFactor Extraction Kit (Clontech, Mountain View, CA), and mitochondria were isolated using the Mitochondria Isolation Kit (Pierce, Rockford, IL) following the protocol provided by the vendor. Protein concentrations were determined by the Coomassie Plus Protein assay (Pierce). Cell lysate (30 lg of protein) was resolved on an 8-10% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane (Bio-Rad, Hercules, CA) and incubated for 1 h in tris-buffered saline with Tween (TBST) (10mM Tris, pH 8.0, 150mM NaCl, and 0.1% Tween 20) containing 5% nonfat milk at room temperature. The ARSENITE ATTENUATES UV-INDUCED APOPTOSIS 121 membrane was then incubated overnight at 4°C with the following primary antibodies at indicated dilutions. PARP-1 (1:1000), AIF (1:1000), and Cytochrome C (Cyto C) (1:2000) were obtained from Santa Cruz Biotechnology. Caspase-3 (1:1000), caspase-7 (1:1000), and caspase-9 (1:1000) were obtained from Cell Signaling. After washing with TBST, the membrane was then incubated for 1 h with horseradish peroxidase-conjugated secondary antibody (all from Santa Cruz Biotechnology with a dilution of 1:2000), and signal was detected using the SuperSignal West Pico Chemiluminescence kit (Pierce) on a Kodak Image Station 4000MM. To control for sample loading and protein transfer, the membrane was stripped and reprobed to detect b-actin (1:500) for cytosolic extracts, histone deacetylase 1 (HDAC1) (1:500) for nuclear extracts, or cytochrome c oxidase (COX) IV (1:2000) for mitochondrial extracts. All these three antibodies were from Santa Cruz Biotechnology. The intensities were quantified by KODAK Molecular Imaging Software version 4.0.
Measurement of CPDs by ELISA. After UV exposure, cells were cultured in complete growth medium for 14 days, then cellular DNA was isolated using the QIAamp Blood Kit (QIAGEN Inc., Valencia, CA). The concentrations of DNA were measured by a Beckman DU 800 spectrophotometer (Beckman Instruments, Fullerton, CA). ELISA was used to measure CPDs as we described previously (Ding et al., 2008) . Briefly, Falcon polyvinylchloride flatbottom 96-well assay plates (Becton Dickinson Labware, Franklin Lakes, NJ) precoated with 0.003% protamine sulfate (Sigma, St Louis, MO) were incubated with 15 ng purified genomic DNA in PBS at 37°C for 20 h. TDM-2 (Medical & Biological Laboratories Co., Woburn, MA) was used as the antibody for CPDs detection. Subsequently, after incubation with biotinylated F(ab#) 2 goat anti-mouse IgG fragments and streptavidin-peroxidase (Zymed, San Francisco, CA), the optical density from o-phenylenediamine at 492 nm was measured using a Spectra Max 340 (Molecular Devices, Sunnyvale, CA).
Data analysis. Data are presented as means ± SD. Statistical analysis was performed using ANOVA. A value of p < 0.05 was considered statistically significant.
RESULTS

Low Concentration of Arsenite Attenuates UV-Induced Apoptosis
Our recent data have shown that low concentrations of arsenite effectively inhibit PARP-1-mediated DNA repair in UV-challenged HaCat cells (Ding et al., 2008 (Ding et al., , 2009 Qin et al., 2008b) . Besides serving as a protective enzyme to detect and repair DNA damage, PARP-1 also contributes to cell death through overconsumption of NAD þ (depleting ATP pools) when it is excessively activated in response to a variety of cellular stresses such as UV radiation (Molho-Pessach and Lotem, 2007) . In this context, we speculated that the presence of low concentration of arsenite might make HaCat cells more resistant to UV-induced death. To test this possibility, we pretreated HaCat cells with 2lM arsenite for 24 h prior to UV exposure. Cell survival and death were analyzed by flow cytometry at 12 h after UV exposure (Figs. 1A and B) . As expected, control (no exposure to UV or arsenite) or arsenite alone-treated cells displayed minimal apoptotic or necrotic changes. UV exposure induced a robust apoptotic changes in HaCat cells, as reflected by a 42% apoptotic rate. Meanwhile, UV exposure also induced necrotic changes in cells but in a much smaller portion (6%) compared with apoptotic changes.
Notably, pretreatment with arsenite resulted in a significant reductions in both apoptotic and necrotic cell death, with rates of 26 and 2%, respectively (Fig. 1 ). These results demonstrate that low concentration of arsenite indeed inhibits UV-induced apoptotic cell death.
Arsenite Inhibits the Mitochondria-Dependent Apoptotic
Pathway Although excessive PARP-1 activation is generally considered to induce necrotic cell death, our results showed that apoptosis was the major type of cell death in UV-treated cells. Recent reports suggest that PARP-1 can be quickly inactivated by activated caspases, particularly caspase-3 and -7 (Wang et al., 2009) , which cleave PARP-1 into 86 and 24 kDa fragments, thus converting otherwise necrotic cell death into caspase-mediated apoptosis (Chaitanya et al., 2010; Hassa, 2009) . To demonstrate whether this was the case in UVinduced apoptosis (Fig. 1) , we assessed PARP-1 cleavage, caspases activation, and Cyto C release. Because PARP-1 is a nuclear protein and caspases are activated in the cytoplasm, we analyzed their changes in both nuclear and cytoplasmic fractions. As shown in Figure 2 , PARP-1 cleavage was observed in the nuclear fraction of UV-treated cells. Concurrently with this change was the activation of mitochondriadependent caspase activation pathway (Scorrano, 2009) , reflected by mitochondrial release of Cyto C, caspase-9, -3, and -7 activation after UV radiation (Fig. 2) . Importantly, arsenite pretreatment showed significant antagonism on these molecular changes. These results indicate that arsenite may protect HaCat cells against UV-induced apoptosis through inhibiting the mitochondria-dependent caspase pathway.
Arsenite Attenuates UV-Induced AIF Release by Inhibiting PARP-1 Activity Besides the caspase cascade, AIF is another important downstream effector in PARP-1-mediated cell death (Cregan et al., 2004) , and its release is stimulated by PAR, the product of PARP-1 activation (Andrabi et al., 2006; Wang et al., 2009) . Therefore, we assessed the impact of UV radiation and arsenite on PAR and AIF. Western blot analysis revealed that control HaCat cells exhibited low basal level of PAR polymer production in both cytosolic and nuclear fractions, which was significantly increased by UV radiation, with approximately 3-fold and 10-fold increases in the cytosolic and nuclear fractions, respectively (Fig. 3A) . Because activated PARP-1 consumes NAD þ to produce PAR, we measured intracellular NAD þ levels and found that UV radiation significantly decreased in NAD þ content in HaCat cells (Fig. 3B) . PAR polymer can be degraded by the constitutively active PARG, and the level of PAR polymer is dictated by both PARP-1 and PARG activities (Gagne et al., 2006) . To rule out the possibility that the observed PAR polymer changes induced by UV or arsenite were due to their respective influence on PARG, we measured the enzymatic activity of PARG in HaCat cells after identical treatments as above. As shown in Figure 3C , UV radiation did not induce significant changes in PARG activity, indicating that PARG did not likely account for the observed PAR polymer changes. To determine whether UVinduced PAR formation led to AIF release from the mitochondria, we detected its level in the mitochondria and cytosol with Western blot analysis. Indeed, we found that AIF was significantly increased in the cytosol of UV-treated cells (Fig. 3D) .
Next, we investigated the effect of arsenite on these changes. We found that pretreatment with 2lM arsenite significantly attenuated PAR polymer production in both subcellular fractions in UV-treated cells (Fig. 3A) . Along with its inhibition on UV-induced PAR formation, arsenite pretreatment also blocked AIF release in UV-treated cells (Fig. 3D) . These results indicate that, besides its inhibition on caspase
FIG. 2.
Effect of arsenite on UV-induced cleavages of PARP-1, caspase-3, -7, and -9 and release of Cyto C. HaCat cells were incubated with 2lM arsenite for 24 h before UV exposure. Twelve hours after UV radiation, nuclear and cytoplasmic cell extracts were prepared. Protein levels of cleaved caspase-3, -7, and -9 were determined by Western blot (A). Six hours after UV radiation, mitochondrial and cytoplasmic extracts were prepared. The release of Cyto C from mitochondria to the cytoplasm was detected by Western blot (B). The band intensities were quantified by KODAK Molecular Imaging Software version 4.0. Data represent the mean ± SD of three independent experiments. *p < 0.05 versus control and § p < 0.05 versus UV.
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cascade (Fig. 2) , arsenite treatment also inhibits the activation of PAR-AIF signal pathway in UV-treated cells.
PARP-1 Is the Target Protein for Arsenite Attenuation of UV-Induced Apoptosis
To further establish a causal link between PARP-1 activation and UV-induced apoptosis and to determine whether arsenite protected HaCat cells against apoptotic death through inhibiting PARP-1, we applied siRNA approach to knockdown PARP-1 expression. Consistent with our previous study (Qin et al., 2008a) , PARP-1 siRNA effectively (~90%) knocked down PARP-1 protein expression at 48 h after transfection (Data not shown). As expected, control siRNA had no effect on UV-induced apoptotic death in HaCat cells (Fig. 4) . Most importantly, knockdown of PARP-1 with siRNA significantly reduced UV-induced apoptosis, and this protection was comparable to that of arsenite. In addition, when PARP-1 was knockdown by siRNA, pretreatment with 2lM arsenite could not further decrease UV-induced apoptosis. These results indicate that PARP-1 activation contributes to UV-induced apoptosis in HaCat cells, and arsenite indeed acts on PARP-1 to exert its antiapoptotic action. To further determine whether the inhibition of UV-induced activation of caspase and PAR-AIF pathways by arsenite was indeed secondary to its inhibition on PARP-1, we measured the changes of these molecules after knockdown of PARP-1. As shown in Figure 5 , knockdown of PARP-1 with siRNA resulted in substantial reductions in UV-induced cleavage of caspase-3, -7, and -9, the release of Cyto C, PAR production, and AIF release, and arsenite pretreatment did not cause any further significant changes on these proteins, indicating that PARP-1 is the predominant target protein.
Arsenite Increases Persistent UV-Induced DNA Damages in Survived HaCat Cells Our data thus far demonstrated that 2lM arsenite could effectively attenuate UV-induced apoptosis through inhibiting PARP-1. However, because PARP-1 also performs a critical role in detecting and repairing DNA damage, the cells spared from UV-induced death by arsenite treatment would likely bear unrepaired DNA lesions induced by UV radiation. To test this possibility, we chose to measure CPDs, a major UV-induced mutagenic lesion, in the survived HaCat cells at 14 days post-UV exposure. As shown in Figure 6 , no or little CPDs were observable in control or arsenite-exposed cells, whereas UV exposure caused a dramatic increase in CPDs. Most significantly, cells that had been pretreated with arsenite before UV exposure were found to have 40% greater CPDs than UV alone, and these cells represented the population of cells that had survived the UV exposure but retained the DNA damage. The persistence of CPDs at 14 days post-UV exposure suggests that inhibition of PARP-1 by arsenite, and the resulting resistance to apoptosis, may turn a cell death event into the survival of cells with mutagenic DNA lesions.
DISCUSSION
Human exposure to high levels of arsenic is associated with increased skin cancer risk (Agency for Toxic Substances and Disease Registry, 2007; Yu et al., 2006a) . Generally speaking, rat and mouse models of arsenic carcinogenesis have a lower degree of responsiveness (than the human) and require large exterior doses of arsenic. Arsenic concentrations that do not cause skin tumors in mice enhance UV-induced skin carcinogenesis Rossman et al., 2001) . These findings, in conjunction with evidence that concentrations of arsenic that do not cause detectable DNA damage significantly amplify the DNA damaging actions of other carcinogens such as UV (Ding et al., 2008 (Ding et al., , 2009 Maier et al., 2002; Pi et al., 2005; Rossman et al., 2004; Wu et al., 2005) , have supported the concept of arsenic as a cocarcinogen.
A growing body of evidence indicates that low concentrations of arsenic inhibit DNA repair processes (Beyersmann and Hartwig, 2008; Durham and Snow, 2006; Hamadeh et al., 2002; Huang et al., 2004; Kligerman and Tennant, 2007; Witkiewicz-Kucharczyk and Bal, 2006) , and this inhibitory action on DNA repair has been proposed as one of the mechanisms for arsenic cocarcinogenicity. However, the underlying mechanisms are not well understood. Our earlier   FIG. 4 . Effect of PARP-1 knockdown on UV-induced apoptosis. HaCat cells were transfected with control or PARP-1 siRNA. Seventy-two hours after transfection, cells were incubated with 2lM arsenite for 24 h before UV exposure. Twelve hours after UV radiation, cell apoptosis was measured by flow cytometry using the TACS Annexin V kit (A). Percentages of cell apoptosis, necrosis, and viability were calculated (B). § p < 0.05 versus UV.
ARSENITE ATTENUATES UV-INDUCED APOPTOSIS
125 work has shown that low concentrations of arsenite effectively inhibit PARP-1-mediated DNA repair in UV-challenged skin cells (Ding et al., 2008 (Ding et al., , 2009 Qin et al., 2008b) . Besides acting as a DNA repair enzyme, PARP-1 is also a key modulator of cell death in response to various stress stimuli (Gagne et al., 2006; Hassa, 2009 ). In the setting of UV radiation, inhibition of PARP-1 with a low concentration of arsenite may promote cell survival from lethal UV radiation, but the rescued cells very likely contain unrepaired mutagenic DNA lesions, thus enhancing UV-induced carcinogenesis. In the present study, we tested this novel cocarcinogenic hypothesis. Our results demonstrate that pretreatment with arsenite not only renders HaCat cells significantly more resistant to UV-induced apoptotic death but also helps the cells retain greater amount of DNA damage (CPDs) than UV exposure alone. We found that inhibition of PARP-1 by arsenite is the central event mediating these changes. Furthermore, the activation of caspase-independent cascade (PAR-AIF pathway) and mitochondria-dependent caspase cascade (including caspase-9, -3, and -7) was found to mediate UV-induced apoptosis in HaCat cells.
UV radiation causes various DNA damage and subsequent activation of DNA repair processes in skin cells. The balance between DNA damage and its repair dictates the fate of UVexposed cells (Fig. 7) . If all DNA lesions are properly repaired, cells will be fully recovered from UV radiation. On the other end, if DNA damage is too severe to be repaired, the injured cells will be destined to die. Between these two extremes, there is an outcome that injured cells survive from UV radiation, but with unrepaired or not properly repaired DNA lesions. These surviving cells are potentially carcinogenic because unrepaired DNA lesions can act as ''substrates'' for the production of mutations to promote genome instability and carcinogenesis (Kryston et al., 2011; Lange et al., 2011) . In UV-triggered DNA repair, PARP-1 activation is considered the initial step, in which activated PARP-1 senses the damage and initiates the complicated DNA repair process (Woodhouse and Dianov, 2008) . In addition, PARP-1 also plays an important role in apoptotic cell death in response to various stress stimuli including UV radiation (Rouleau et al., 2010) . Our previous studies have shown that low concentrations of arsenite effectively inhibit PARP-1 through interfering with the zinc figure domains (Ding et al., 2009; Zhou et al., 2011) . These findings suggest, as illustrated in Figure 7 , that arsenite may promote the survival of UV-exposed cells (by inhibiting PARP-1-mediated apoptosis), but the surviving cells would likely bear greater number of unrepaired DNA lesions (due to inhibition of PARP-1-mediated DNA repair). Our data that FIG. 5 . Effect of PARP-1 knockdown on UV-induced PARP-1, caspase cleavages, releases of Cyto C, and AIF and PAR formation. HaCat cells were transfected with control or PARP-1 siRNA. Seventy-two hours after transfection, cells were incubated with 2lM arsenite for 24 h before UV exposure. Cells were collected 6 h after UV radiation for assessment of PAR production and Cyto C and AIF release in cytosolic fraction. Cells were collected 12 h after UV radiation for detection of PARP-1 and caspase cleavages in nuclear extract by Western blot (A). The band intensities were quantified by KODAK Molecular Imaging Software version 4.0 (B and C). Data represent the mean ± SD of three independent experiments. § p < 0.05 versus UV.
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PARP-1 knockdown with siRNA significantly reduces apoptotic death in UV-exposed HaCat cells (Fig. 4) confirm the important role of PARP-1 in this process. We further explored how PARP-1 mediated UV-induced apoptosis in HaCat cells. It is well known that activated PARP-1 consumes NAD þ to produce PAR. Several studies have shown that increased PAR levels are associated with increased cell death (Andrabi et al., 2006; Heeres and Hergenrother, 2007; Schreiber et al., 2006; Siegel and McCullough, 2010; Yu et al., 2006b) , in which PAR triggers mitochondrial release of AIF and Cyto C to lead to apoptosis in both caspase-dependent and independent manners (Cregan et al., 2004; Yu et al., 2006b) . In good agreement with these studies, we found that UV radiation led to increased PAR production and mitochondrial release of AIF and Cyto C in HaCat cells (Figs. 2 and 3) . Moreover, we observed that pretreatment of HaCat cells with arsenite significantly inhibited UV-induced apoptosis as well as the activation of the apoptosis-inducing molecules tested above. Notably, when PARP-1 was knocked down with siRNA, arsenite pretreatment could not further decrease the apoptotic response of HaCat cells to UV radiation. These results clearly indicate that arsenite acts on PARP-1 to exert its action for promoting the survival of UV-exposed cells.
In the setting of UV radiation, arsenite promotion of the survival of UV-exposed cells can be problematic because inhibition of PARP-1 by arsenite can lead to the retention of unrepaired DNA lesions in surviving cells. In this study, we tested this possibility by detecting CPDs. CPD is a major cause of mutations identified in ras oncogenes, p53, and PTCH tumor suppressor genes that are implicated in nonmelanoma skin cancers (de Gruijl and Rebel, 2008) . Our data demonstrate that arsenite exposure significantly increases the level of persistent UV-induced CPDs (at 14 days) when compared with UV alone. Unrepaired DNA lesions that promote genome instability constitute an important mechanism of carcinogenesis (Kryston et al., 2011; Ziech et al., 2011) . In this context, the cells surviving from UV-induced apoptosis due to ''protective antagonism'' by arsenite could potentially be the carcinogenic cells that would eventually lead to later mutagenesis and tumorigenesis at later stage. This notion is corroborated by the literature reports that UV radiation-induced skin carcinogenesis was greatly increased in mice receiving arsenite in drinking water, with a nearly fivefold increase in tumor number/mouse (Rossman et al., 2001 .
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